is the most frequent infectious cause of developmental disorders of the central nervous system (CNS) in humans. Infection of the CNS stem cells seems to be primarily responsible for the generation of the brain abnormalities. In this study, we evaluated the infectivity of murine CMV (MCMV) in epidermal growth factor (EGF)-responsive CNS stem cells prepared from fetal mouse brains, and studied the effect of infection on growth and differentiation of the stem cells. The CNS stem cells were permissive for MCMV infection, although MCMV replication was slower than in mouse embryonic fibroblasts. MCMV infection inhibited the growth and DNA replication of the stem cells. A clonogenic assay revealed that MCMV infection suppressed generation of colonies from single stem cells. When uninfected stem cells were induced to differentiate, a decrease in expression of the primitive neuroepidermal marker nestin was observed by immunocytochemistry and flow cytometry, whereas expression of neurofilament and glial fibrillary acidic protein (GFAP) were induced. In virus-infected CNS stem cells, nestin expression was retained, whereas the expression of neurofilament was more severely inhibited than that of GFAP in these cells. Two-color flow cytometry showed that differentiated glial precursor cells were preferentially susceptible to MCMV infection. MCMV-infected and uninfected CNS stem cells were transplanted into the neonatal rat brains. The reduced number of infected stem cells were engulfed into the subventricular zone and expressed GFAP, but did not migrate further, in contrast to the uninfected stem cells. These results suggest that suppression of the growth of the CNS stem cells and inhibition of the neuronal differentiation by CMV infection may be primary causes of disorders of brain development in congenital CMV infection. (Lab Invest 2000, 80:1373-1383.
C ytomegalovirus (CMV), a member of the herpesvirus group, is the most significant infectious cause of congenital anomalies of the central nervous system (CNS) caused by intrauterine infection in humans (Weller, 1971; Ho, 1991) , with an average incidence of 1% of all live births (Stagno et al, 1986; Demmler, 1991) . Microcephaly is the most prominent manifestation of the brain abnormalities in congenital CMV infection, with other abnormalities including periventricular calcification, hydrocephalus, cerebellar atrophy, optic nerve atrophy, and polymicrogyria (Becroft, 1981; Bale, 1984; Ho, 1991) . However, the exact pathogenesis of these brain abnormalities has not been fully elucidated. Because studies of human subjects have obvious limitations and CMV has strict species specificity, we have developed model systems for brain abnormalities induced by infection of mouse embryos with murine CMV (MCMV) (Tsutsui et al, 1993; Tsutsui, 1995) .
During neurogenesis of the brain, large numbers of neural cells are generated from the CNS stem cells in the ventricular zone facing the ventricular cavity, where self-renewing proliferation of the stem cells occurs, and from which the precursor cells derived from the stem cells migrate, undertaking differentiation at the same time (Davis and Temple, 1994; Chenn and McConnell, 1995; McKay, 1997; Stemple and Mahanthappa, 1997) . Because CMV preferentially tends to infect the ventricular and subventricular zones during congenital infection (Becroft, 1981; Perlman and Argyle, 1992) , proliferation and differentiation of the stem cells may be affected by the infection. Recently it has been reported that primary multipotent CNS stem cells can be isolated from embryonic and adult brains, and have the capacity to proliferate in response to growth factors such as epidermal growth factor (EGF) and to differentiate into precursor cells expressing neuronal or glial phenotypes Weiss, 1992, 1996; Vescovi et al, 1999) . There has been no report concerning the effects of CMV infection on the biological behavior of the CNS stem cells. In this report, we show that EGF-responsive CNS stem cells prepared from fetal mouse brains were permissive for MCMV infection, and that the virus infection suppressed their growth and inhibited their differentiation, especially neuronal differentiation. We transplanted the MCMV-infected and uninfected CNS stem cells into neonatal rat brains to confirm that the effects of MCMV infection on the CNS stem cells in vitro support the phenomena in vivo.
Results

MCMV Infects EGF-Responsive CNS Stem Cells and Inhibits Their Growth
In the previously established serum-free culture medium containing EGF (Reynolds and Weiss, 1996) , a single CNS stem cell (Fig. 1A ) proliferated in response to EGF, generated a floating aggregate of stem cells (Fig. 1B) , and formed a "sphere" 80 -100 m in size after 5 days in culture (Fig. 1C) . Immediately after passage, dissociated stem cells were infected with MCMV at a multiplicity of infection (MOI) of 1 plaque forming unit (PFU) per cell. At 1 day post-infection (dpi) there was no morphological difference between MCMV-infected and uninfected stem cells (Fig. 1, B and D). The cytopathic effect (CPE), which indicates the beginning of lytic cell death, was observed in the spheres infected with MCMV at 5 dpi, rendering spheres of irregular shape (Fig. 1E ) compared with the symmetrical spheres of uninfected stem cells (Fig.  1C) . The time courses of viral titers and viral antigen expression of CNS stem cells were slower than those of similarly infected mouse embryonic fibroblasts (MEF), which are known to be fully permissive cells for MCMV replication (Fig. 2, A and B) . The viral titers produced by stem cells peaked at 5 dpi ( Fig. 2A) . By 3 dpi, more than 90% of MCMV-infected stem cells showed nuclear fluorescence detected by the N2 monoclonal antibody specific for the MCMV major immediate early (IE)-89K-antigen (Shinmura et al, 1997a) (Figs. 1F and 2B) . Growth arrest or decrease in cell number was observed in the infected stem cells, whereas uninfected stem cells grew exponentially. The inhibition of growth was more marked as the MOI was increased (Fig. 2C) . The transient decrease in cell number observed at 1 dpi was thought to be caused by the mechanical dissociation of spheres during passage, as described by Reynolds and Weiss (1996) . These results indicated that mouse EGF-responsive CNS stem cells were permissive for MCMV replication in vitro, although their permissiveness was lower than that of MEF, and that infection resulted in cell growth inhibition.
MCMV Infection Inhibits the DNA Synthesis of CNS Stem Cells
We tried to determine whether the growth inhibition of MCMV-infected CNS stem cells is caused by the inhibition of cell cycle progression, as observed in human fibroblasts infected with human cytomegalovirus (HCMV) (Lu and Shenk, 1996; Dittmer and Mocarski, 1997) . A bromodeoxyuridine (BrdU) incorporation assay was used to examine the effect of MCMV infection on the DNA synthesis of CNS stem cells. At 15 hours post-infection (hpi), when viral DNA had not yet begun to accumulate, the labeling index of MCMVinfected CNS stem cells was significantly decreased as the MOI was increased (Fig. 3A) . At MOI 10, the
Figure 1.
Phase contrast micrographs of uninfected (A to C) and murine cytomegalovirus (MCMV)-infected (D and E) epidermal growth factor-responsive central nervous system (CNS) stem cells, and immunofluorescence for MCMV immediate early (IE) antigen (F). A, A single CNS stem cell just after passage. B, Small aggregates of the stem cells 1 day after passage. C, A symmetrical sphere 5 days after passage. D, CNS stem cells infected with MCMV at multiplicity of infection (MOI) 1, shown at 1 day post-infection (dpi). E, MCMV-infected CNS stem cells showing cytopathic effect on 5 dpi. F, MCMV-infected CNS stem cells expressing the IE antigen at 3 dpi. Bar ϭ 20 m.
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index was reduced to 50% of that of uninfected stem cells. Two-color flow cytometric analysis clearly demonstrated that the BrdU incorporation was blocked in the cells expressing the IE antigen (Fig. 3B ). These data indicate that MCMV infection inhibits the DNA synthesis of the CNS stem cells, and that the blockade of the cell cycle progression occurs during the IE or early phase of infection, but before the start of viral DNA synthesis, similar to HCMV infection of human fibroblasts (Lu and Shenk, 1996; Dittmer and Mocarski, 1997) .
MCMV Infection Inhibits Self-Renewal of the CNS Stem Cells
We investigated the effect of MCMV infection on the self-renewal of stem cells in the EGF-responsive spheres; such self-renewal is pivotal for definition of the stem cells and has been tested by the clonogenic assay (Potten and Loeffler, 1990; Reynolds and Weiss, 1996) . Seven days after the plating of the dissociated, diluted stem cells, at least 8% of the uninfected stem cells, which had been plated at approximately 6 cells per well in 96-well plates, had regenerated as spheres (Fig. 4) . Each sphere was considered to have been generated from a single stem cell. In MCMV-infected stem cells, the number of regenerated spheres per plate decreased as the MOI increased. At MOI 10, the number of regenerated spheres was reduced to 18% of that in uninfected stem cells. These results indicate that MCMV infection inhibits the self-renewal of CNS stem cells. However, even at MOI 10, a few unaffected stem cells (less than 1% of the total stem cells plated) still generated the spheres.
MCMV Infection Inhibits the Migration and Differentiation of CNS Stem Cells
We next examined the effect of MCMV infection on the differentiation of the CNS stem cells. Four days after passage, spheres were infected with MCMV and then cultured in the same medium containing EGF. At 12 hpi, uninfected or MCMV-infected CNS stem cells were adhering to plates coated with poly-D-lysine and laminin, and were induced to differentiate in the medium lacking EGF but supplemented with 2% horse serum. Soon after plating, the stem cells began to migrate from the periphery of the spheres and to differentiate. In the uninfected cultures 36 hours after induction of differentiation, heterogeneous cells with flattened cytoplasm and elongated processes extended noticeably from the spheres (asterisk in Fig. 5 ), which were reduced in size (Fig. 5A ). In the MCMVinfected cultures, as the MOI was increased, the proportion of cells showing CPE was increased, whereas the proportion of differentiating cells was decreased (Fig. 5 , B to D) and there was less reduction of the size of the spheres. These findings suggested that MCMV infection inhibits the migration and differentiation of CNS stem cells.
Immunocytochemical staining demonstrated that undifferentiated spheres expressed a primitive neuroectodermal marker, nestin (Fig. 6A ), but did not express glial fibrillary acidic protein (GFAP) (Fig. 6B ) or neurofilament (NF) (Fig. 6C ). The uninfected cultures 36 hours after differentiation expressed GFAP ( Fig. 6E ) and NF ( Fig. 6F ) but still expressed nestin (Fig. 6D ). GFAP-positive cells having elongated processes were considered to be glioblasts. NF-positive cells with bipolar shape and fine processes were considered to be neuroblasts (Fig. 4G ). Immunocytochemical double staining showed that expression of the IE antigen occurred in nestin-positive ( Fig. 6G ) and GFAP-positive cells (Fig. 6H ), but was scarcely observed in NF-positive cells, which were fewer in number than nestin-and GFAP-positive cells (Fig. 6I ).
MCMV Infection Inhibited Neuronal Differentiation of CNS Stem Cells More Severely than Glial Differentiation
The effects of MCMV infection on the expression of the differentiation markers were quantitatively examined by flow cytometry. Expression of nestin was observed in 80% of undifferentiated stem cells 4 days after passage, whereas less than 1% of these cells expressed GFAP or NF (Fig. 7Aa) . In uninfected cells 36 hours after differentiation, the proportion of nestinpositive cells was reduced to 50%, whereas the proportion of GFAP-and NF-positive cells increased to 34% and 19% of the cells, respectively (Fig. 7Ab) . The proportion of nestin-positive cells was significantly increased as the MCMV MOI increased, whereas the proportion of GFAP-and NF-positive cells were significantly decreased (Fig. 7, A and B) . MCMV infection at MOI 5 reduced the proportions of GFAP-and NF-positive cells to 56% and 23% of those in uninfected cultures, respectively ( Fig. 7B ), suggesting that MCMV infection inhibits the neuronal differentiation of the CNS stem cells more severely than glial differentiation. Two-color flow cytometry demonstrated that NF-positive cells expressing IE antigen at MOI 1 constituted only 8% of the total IE antigenpositive cells, whereas nestin-or GFAP-positive cells expressing IE antigen constituted 93% and 51% of the IE-Ag-positive cells, respectively (Fig. 7C ).
MCMV Infection Inhibits the Migration of the CNS Stem Cells after Transplantation into Neonatal Rat Brain
To study the effect of MCMV infection on grafting and in vivo differentiation of the CNS stem cells, we transplanted MCMV-infected and uninfected mouse CNS stem cells into neonatal rat brains, because the developing mouse brain is highly sensitive to MCMV infection, but MCMV does not prominently replicate in the developing rat brain (van den Pol et al, 1999) . MCMV-infected and uninfected mouse CNS stem cells detected by the anti-BrdU antibody were observed in the ventricles at 2 days post-transplantation (dpt) (Fig. 8, A and C) . The infected stem cells were also stained with the antibody specific to the early nuclear antigen (the D5 antibody) (Fig. 8, E and F) . On The effect of MCMV infection on the self-renewal of the CNS stem cells determined by the clonogenic assay. Dissociated CNS stem cells were not infected or infected with MCMV at three different MOI (0.1, 1, and 10) and plated in 96-well plates at a density of 6 cells/well. The numbers of regenerated spheres per plate were counted at 7 dpi. The averaged data of three independent experiments are shown. *p Ͻ 0.05 compared with uninfected cells in Student's t test.
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6 dpt, uninfected stem cells were engulfed into the subventricular zone (SVZ) and further migrated into the white matter (WM) (Fig. 8B) , whereas the MCMVinfected CNS stem cells were markedly reduced in number (Fig. 8D) , although some were engulfed into the SVZ, but their further migration was hardly detected (Fig. 8D ). In the serial adjacent sections, some of the uninfected CNS stem cells in the inner site of the SVZ were found to express GFAP (Fig. 8G) , and others in the outer site of the SVZ expressed ␤ 3-tubulin, an early marker for neuronal differentiation (Tucker, 1990) (Fig. 8H) . Expression of GFAP was also found in the grafted infected stem cells in the SVZ (Fig. 8, I and J) on 6 dpt, but the expression of the ␤ 3-tubulin was not detected (data not shown).
Discussion
In the present study, we showed that the CNS stem cells were susceptible to MCMV replication, and that MCMV infection inhibited the growth and differentiation, especially the neuronal differentiation of the CNS stem cells. These results suggest that infection of the CNS stem cells is primarily responsible for the generation of brain abnormalities in congenital CMV infection in humans. In congenital CMV infection, it is possible that cells in the ventricular zone are primary targets for viral infection, because it has been reported that periependymitis, periventricular necrosis, and calcification are the most frequent findings in the brains of congenital CMV infection (Becroft, 1981; Bale, 1984; Ho, 1991; Perlman and Argyle, 1992) . In the ventricular zone, multipotential CNS stem cells have been identified in vitro and in vivo, and shown to be capable of self-renewal and to have the potential to differentiate to neuronal or glial precursor cells in response to some factors (McKay, 1997) . The isolated primary CNS stem cells are able to proliferate from single cells to multipotential spherical cell masses in response to EGF Weiss, 1992, 1996) .
We showed that the undifferentiated CNS stem cells were susceptible to MCMV infection, although the viral replication was slower than that in MEF. It has been reported that undifferentiated human embryonal carcinoma (EC) cells were not permissive for HCMV replication, but that some of the cells became permissive when they were induced to differentiate with retinoic acid (Gonczol et al 1984 (Gonczol et al , 1985 . The same phenomenon was observed in the mouse EC cells (Dutko and Oldstone, 1981) . Similarly, the early mouse embryos were not susceptible to MCMV infection until a certain stage of development (Tsutsui and Naruse, 1987; Kashiwai et al, 1992) . Therefore, the susceptibility of the CNS stem cells to CMV is completely different from that of the EC cells, which have the potential to differentiate into many types of cells. It has been reported that a repressor for transcription of the immediate early gene of CMV may be present in the undifferentiated EC cells, and the binding of the repressor to the promoter may not occur in cells that have differentiated in response to retinoic acid (Ghazal and Nelson, 1993; Huang et al, 1996) . It seems possible that such a repressor does not exist in the CNS stem cells, although their expression of the MCMV IE gene and the viral replication is delayed to some extent compared with those in MEF (Fig. 2, A and B) .
MCMV infection tended to cause a decrease in the number of the CNS stem cells as the infectious titer was increased, probably because of inhibition of pro- gression through the cell cycle or because of cell loss caused by lytic infection. Decreased incorporation of BrdU into the stem cells expressing the IE antigen indicates that MCMV infection inhibits the DNA synthesis of the CNS stem cells during the IE or early phase of infection. Although induction of cellular DNA synthesis following HCMV infection has long been reported in a variety of cell lines (Albrecht et al, 1993) , it was recently reported that HCMV infection inhibits cell cycle progression at the G1/S transition in human fibroblasts (Lu and Shenk, 1996; Dittmer and Mocarski, 1997) . In those studies, HCMV infection inhibited the growth of human fibroblasts, and this growth inhibition occurred rapidly after virus infection. Our findings that the cells expressing the IE antigen did not enter S phase, as detected by BrdU incorporation, may be consistent with those results. It may be noteworthy that the CNS stem cells having features different from those of fibroblasts, which can easily be rendered quiescent, are similarly inhibited in their growth by CMV infection.
By clonogenic assay (Reynolds and Weiss, 1996) , generation of spheres of CNS stem cells from single cells was shown to be markedly suppressed by MCMV infection. This dose-dependent suppression in the colony-forming ability of the stem cells by MCMV 
Immunocytochemistry of CNS stem cells and the differentiated cells for expression of nestin (A and D), GFAP (B and E), and NF (C and F). A to C, Uninfected spheres. D to F, Uninfected cells 36 hours after induction of differentiation as described in the legend for Figure 5. G to I, Double immunocytochemistry for MCMV IE antigen and neural cell markers: nestin (G), GFAP (H), or NF (I) in MCMV-infected cells 36 hours after induction of differentiation (48 hpi). MCMV IE antigen was labeled with the N2 antibody and ALP-conjugated goat anti-rat IgG and colored with Fast blue BB (blue)
. Neural cell markers were labeled with the rabbit antibodies described in the text and HRP-conjugated swine anti-rabbit IgG and colored with diaminobenzidine (brown). Bar ϭ 20 m.
was similar to the suppression observed in hematopoietic progenitor cells infected with HCMV (Maciejewski et al, 1992) . As shown in the hematopoietic progenitor cells, a few stem cells still generated spheres even though cells were infected with a high MOI. It is possible that a small population of the CNS stem cells may have resistance or a relatively low permissiveness for MCMV replication, and may be latently infected, like bone marrow progenitor cells (Kondo et al, 1994) . However, we have not so far been able to detect the virus genome or virus gene expression in these spheres generated from MCMV-infected stem cells.
The CNS stem cells were induced to differentiate by culturing cells adhering to culture dishes in EGFdepleted, 2% horse serum-supplemented medium. As differentiation progressed, the intensity of nestin staining decreased, with the appearance of a differentiation marker, as also described by Rajan and McKay (1998) . The differentiation of the CNS stem cells seemed to be generally inhibited by MCMV infection, because reduction of nestin-positive cells did not occur. However, MCMV infection inhibited neuronal differentiation more severely than glial differentiation. Several lines of evidence have indicated that neuronal and glial cells are derived from common multipotential precursor cells (Temple, 1989; Reynolds and Weiss, 1992; Vescovi et al, 1993; McKay, 1997) . Some regulatory factors have been suggested to have roles in the commitment of the CNS stem cells to form neuron-or glial-lineages (McKay, 1997) . CMV infection may affect the regulatory mechanism by which CNS stem cells undergo neuronal differentiation, but may have less effect on glial differentiation, by down-regulation of some host factors such as major histocompatibility complex class I expression, which is suppressed by CMV infection (Sedmak et al, 1994) .
The viral IE antigen was preferentially expressed in the glial precursors expressing GFAP after infection of CNS stem cells with MCMV and stimulation to differentiate. As reported previously in the developing mouse brain infected with MCMV (Shinmura et al 1997a) , the IE antigen-positive cells, mainly located in the ventricular and subventricular zones, had characteristics of glial differentiated cells expressing GFAP and nestin. Therefore, glial cells differentiated from CNS stem cells seem to correspond to the glial cells in the ventricular and subventricular zones in the developing brains, and cells both in vitro and in vivo are similarly susceptible to MCMV infection. Because expression of the IE genes is dependent on cellular transcription factors, we examined cell-type-specific activity of the MCMV IE promoter in transgenic mice. It was found that the IE promoter directs astrocytespecific expression in the brain (Aiba-Masago et al, 1999) . Interestingly, the promotor activity was found in the cells of the ventricular and subventricular zones at late stages of gestation (R-Y Li, S Baba, I Kosugi, Y Arai, H Kawasaki, Y Shinmura, S Sakakibara, H Okano, and Y Tsutsui, unpublished data).
In the transplantation study, uninfected CNS stem cells were engulfed into the SVZ and migrated into the white matter and the cortex, as described by Brü stle (1999), whereas the engulfed MCMV-infected stem cells were few in number and hardly migrated further. However, these infected stem cells expressed GFAP,
Figure 8.
Transplantation of MCMV-infected or uninfected CNS stem cells into the neonatal rat brains. Immunohistochemistry of the rat brains 2 days post-transplantation (dpt) (A, C, and E) or 6 dpt (B, D, and F) with uninfected (A and B) or MCMV-infected CNS stem cells (C to F) which were labeled with BrdU. A to D, BrdU staining. E to F, Viral antigen staining with the antibody specific to the MCMV early antigen (the D5 antibody). C and E, D, and F, The adjacent sections, respectively. Arrows indicate the cells migrated into the SVZ (A, D, and F) and arrowheads indicated cells migrated into the WM (B). G to I, Double immunostaining for BrdU and neural cell markers of the uninfected (G and H) and MCMV-infected (I) on 6 dpt. G, GFAP (arrow shows double stained cell in inner site of the SVZ). H, ␤ 3-tubulin (arrows show double-stained cells in outer site of the SVZ). I, BrdU and GFAP (arrows show double-stained cells). J, The adjacent section of I, stained with the D5 antibody to the MCMV early antigen (arrows). BrdU and MCMV early antigen were colored with aminoethylcarbazole (red). GFAP and ␤ 3-tubulin were colored with Fast blue BB (blue). Hematoxylin was used for counter staining (A to F). V, ventricle; SVZ, subventricular zone; WM, white matter. Bar ϭ 50 m.
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but not ␤ 3-tubulin. These findings suggest that MCMV infection inhibits migration and neuronal differentiation of the CNS stem cells rather than glial differentiation after transplantation, and also suggest that the inhibition of growth and neuronal differentiation of the CNS stem cells by MCMV infection observed in vitro studies may reflect the phenomena occurring in vivo.
Microcephaly and polymicrogyria are the most prominent features of brain abnormalities in congenital CMV infection in humans (Becroft, 1981; Perlman and Argyle, 1992) . It is possible that these brain abnormalities may result from cellular events occurring within the ventricular zone in which the stem cells are proliferating, movement of these cells from the ventricular zone, determination to neuronal or glial lineages, and then migration of these cells and selective removal of the neuronal cells by apoptosis (Crino and Eberwine, 1997) . We have already reported some evidence that MCMV infection may disturb neuronal migration (Shinmura et al, 1997b) and induce apoptosis in the developing mouse brain (Kosugi et al, 1998) , and that the susceptibility of the glial cells to MCMV may be greater than that of neuronal cells (Shinmura et al, 1997a) . In this report, we showed that the CNS stem cells are permissive for MCMV infection, and that the MCMV infection inhibits the growth of the stem cells. In addition, we suggest that CMV infection affects the differentiation of neuronal cells from the CNS stem cells or their precursor cells.
Because the ventricular and subventricular zones are thought to be primary targets in the brain during congenital CMV infection, the infectious dynamics of the CNS stem cells may provide a model system for the pathogenesis of the brain abnormalities in congenital CMV infection in humans.
Materials and Methods
Virus and Cell Culture
The Smith strain of MCMV, which had been passaged in MEF cells, was provided by Dr. Y. Minamishima (Miyazaki, Japan; Ebihara and Minamishima, 1984) . MEF cells were prepared from 12.5-day-old embryos of BALB/c mice (SLC Japan, Hamamatsu, Japan), and were grown in DMEM containing penicillin (100 units/ ml), streptomycin (50 g/ml), and 10% fetal bovine serum (FBS), as described previously (Tsutsui and Naruse, 1987) . The titer of the virus stock was 4 ϫ 10 8 PFU/ml. Ultraviolet light (UV)-inactivated MCMV was used for control experiments. The UV-irradiated MCMV did not replicate or produce any detectable level of the IE protein.
Murine CNS Stem Cell Culture and Virus Infection
Murine EGF-responsive CNS stem cells were prepared from the cerebral hemispheres of ICR mouse embryos at day 14 of gestation. After mechanical dissociation, the cell suspensions were grown in the defined serum-free medium containing EGF (purified from mouse submaxillary glands; Becton Dickinson, Bedford, MA) at 20 ng/ml as described by Reynolds and Weiss (1996) . The cultures were passaged every 4 to 5 days by centrifugation of spheres, followed by dissociation to single-cell suspensions. Spheres of the CNS stem cells passaged 5 to 10 times were used for the experiments.
The dissociated stem cells in suspension or MEF were infected with MCMV at different MOI, washed by centrifugation, and cultured with fresh medium. At different times after infection, three samples were collected and counted by trypan blue exclusion. The viral titers were measured in aliquots of the cells by a plaque assay using MEF. Other cell aliquots were processed for detection of MCMV antigen by immunofluorescence and flow cytometry.
Analysis of DNA Synthesis of CNS Stem Cells
Two days after passage, the CNS stem cells were infected with MCMV at MOI 2 or 10, washed by centrifugation, then cultured with fresh medium. At 15 hpi, when viral DNA had not yet begun to accumulate, the cells were incubated with 15 M BrdU for 30 minutes, and then trypsinized and fixed with 4% paraformaldehyde. The cells were rinsed with T-PBS (PBS containing 0.2% Triton-X-100 and 5% FBS), reacted with rat anti-MCMV IE antigen in T-PBS, and then washed and stained with biotin-conjugated goat anti-rat IgG (Pharmingen, San Diego, CA) and phycoerythrin (PE)-conjugated streptavidin (Gibco BRL, Gaithersburg, MD). After washing, the cells were fixed again, treated with 2 N HCl for 10 minutes at room temperature, stained with mouse anti-BrdU (DACO, Kyoto, Japan) and fluorescein isothiocyanate (FITC)-conjugated goat F(abЈ) 2 anti-mouse F(abЈ) 2 (Cappel, West Chester, PA), and subjected to flow cytometry.
Clonogenic Assay
The spheres of CNS stem cells were mechanically dissociated, verified to be completely dispersed by examination using a hemocytometer, and infected with MCMV at different MOI (0.1, 1, and 10) for 1 hour. After washing, they were dissociated and again verified to be dispersed, and then diluted and plated into 96-well plates at a density of 6 cells per well. Because of the decrease in cell number after the mechanical dissociation as described by Reynolds and Weiss (1996) , the plating conditions had been defined in preliminary experiments so that a single live cell could be plated per well in more than 80% of the wells. Three independent experiments were performed and the number of spheres was counted at 7 dpi.
Induction of Differentiation of CNS Stem Cells
Induction of differentiation of the CNS stem cells was performed as described by Reynolds and Weiss (1996) . The stem cells of spheres cultured for 4 days after passage were infected with MCMV at three different MOI (0.2, 1, and 5). At 12 hpi, the spheres were washed by centrifugation, plated onto glass coverslips or 6-well plates that had been coated with 100 g/ml poly-D-lysine (Sigma, St. Louis, MO) and 20 g/ml laminin (Upstate Biotechnology, Lake Placid, NY), at a density of 5 ϫ 10 4 cells/cm 2 or 2.5 ϫ 10 6 cells per plate. The spheres were induced to differentiate in medium lacking EGF but supplemented with 2% heat-inactivated horse serum (Gibco). At 36 hours after differentiation (48 hpi), the cells cultured on coverslips were fixed with 4% paraformaldehyde (PFA) and analyzed by immunocytochemistry; the cells cultured in 6-well plates were collected by treatment with 4 units/ml papain (Sigma) and 1 mM EDTA, fixed with 4% PFA, and analyzed by flow cytometry. Three independent experiments were performed, and the average number of live cells recovered in both uninfected and MCMV-infected cultures was 2.4 Ϯ 0.2 ϫ 10 6 cells per plate.
Immunocytochemistry
Immunohistochemical double staining was performed as described previously (Kosugi et al, 1998) . The fixed cells on cover slips were stained with a rat anti-MCMV IE antigen and a rabbit polyclonal antibody to a neuroepithelial cell marker; anti-nestin (provided by Dr. H. Kitani, National Institute for Animal Health, Tukuba, Japan; Tomooka et al, 1993) , anti-bovine GFAP (DACO, Japan), or anti-mouse 200 kD NF (Sigma), incubated with alkaline phosphatase (ALP)-conjugated goat anti-rat IgG (Pharmingen) and horseradish peroxidase (HRP)-conjugated swine anti-rabbit IgG (DACO Japan), and then colored with Fast-blue BB (blue) and 3,3Ј-diaminobenzidine-4HCl (brown), respectively. The stained cells were observed with Nomarski interferencecontrast microscopy (Olympus, Tokyo).
Flow Cytometry
For flow cytometry, spheres of the CNS stem cells were treated with 0.05% trypsin and 1 mM EDTA and differentiated precursor cells were dissociated with 4 units/ml papain and 1 mM EDTA, and then fixed with 4% paraformaldehyde. The cells were reacted in suspension with primary antibodies as described above, and then washed with T-PBS. For the secondary labeling, biotin-conjugated goat anti-rat IgG and PEconjugated streptavidin, or FITC-conjugated goat F(abЈ) 2 anti-rabbit F(abЈ) 2 (Cappel) were used for the detection of the MCMV antigen or cell markers, respectively. The stained cells were analyzed by flow cytometry using an EPICS profile analyzer (Coulter, Miami, FL), with 1 ϫ 10 4 gated cells recorded for each analysis. Absence of cross-reactivity of all of the secondary antibodies was verified.
Transplantation of the CNS Stem Cells into Neonatal Rat Brain
Transplantation of the CNS stem cells was performed basically as described by Svendsen et al (1996) . The CNS stem cells cultured for 4 days were labeled with 0.5 M BrdU for 24 hours, then infected with MCMV at MOI 1 for 3 hours, and washed with the growth medium with EGF three times by centrifuge (ϫ 500 rpm for 5 minutes).
After dissociation in the presence of 0.001% deoxyribonuclease (Sigma), the stem cells were pelleted and suspended in the growth medium. Newborn rats (within 24 hours after birth) were transplanted with MCMVinfected or uninfected cells (2 ϫ 10 6 cells/5 l) into the right cerebral hemisphere by a 10-l Hamilton syringe with a 27-gauge needle from a middle point between the ear and eye. After transplantation, the neonatal rats were killed 2 and 6 days after transplantation. After fixation in 4% PFA for 2 days at 4°C, the brains were immersed in 20% sucrose in PBS, frozen in n-hexane at Ϫ70°C, and sectioned by the cryostat. The coronal sections were subjected to immunohistochemistry, as described above. For detection of neuronal differentiation, anti-␤ 3-tubulin antibody (Sigma) was used. The D5 antibody specific to the early nuclear antigen of MCMV (Tsutsui and Naruse, 1987) was used for detection of the infected cells.
